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Nonreciprocal microwave devices, such as circulators, are useful in routing quantum signals in
quantum networks and protecting quantum systems against noise coming from the detection chain.
However, commercial, cryogenic circulators, now in use, are unsuitable for scalable superconducting
quantum architectures due to their appreciable size, loss, and inherent magnetic field. We report
on the measurement of a key nonreciprocal element, i.e., the gyrator, which can be used to realize a
circulator. Unlike state-of-the-art gyrators, which use a magneto-optic effect to induce a phase shift
of pi between transmitted signals in opposite directions, our device uses the phase nonreciprocity of a
Josephson-based three-wave-mixing device. By coupling two of these mixers and operating them in
noiseless frequency-conversion mode, we show that the device acts as a nonreciprocal phase shifter
whose phase shift is controlled by the phase difference of the microwave tones driving the mixers.
Such a device could be used to realize a lossless, on-chip, superconducting circulator suitable for
quantum-information-processing applications.
I. INTRODUCTION
Performing high-fidelity, quantum nondemolition mea-
surements in the microwave domain is an important
requirement for operating a superconducting quantum
computer. Such a requirement is enabled, in various
schemes, by using nonreciprocal microwave devices hav-
ing asymmetrical transmission through their ports, such
as circulators [1–9] and low-noise, directional amplifiers
[4, 10–14]. Circulators in particular play several cru-
cial roles in these measurement schemes. They (1) al-
low quantum systems to be measured in reflection, (2)
enable the use of reflective Josephson parametric am-
plifiers (JPAs) as a first-stage amplifier in the output
chain, (3) protect quantum systems against noise in the
measurement chain, such as amplified signals reflected off
JPAs, excess backaction of directional amplifiers, strong
microwave tones feeding JPAs, and noise coming from
higher amplification stages of the output line. However,
state-of-the-art commercial, cryogenic circulators, ubiq-
uitously used throughout the field today, limit the max-
imum achievable measurement fidelity and scalability of
quantum processors, due to their insertion loss ∼ 0.5 dB,
large size ∼ 28 cm3, and weight ∼ 41 g [15]. They can
also potentially negatively affect the coherence times of
qubits, as they are comprised of bulk materials that ther-
malize poorly and employ strong inherent magnetic fields
10− 100 G [15].
Nonreciprocal devices, which violate Lorentz reci-
procity, break the invariance of the transmission param-
eter upon exchanging the source and detector [1, 2, 16].
In this work, we demonstrate a successful operation of an
important two-port, nonreciprocal circuit element, i.e., a
gyrator, which can be used to build a circulator. A gyra-
tor is a two-port, unity-transmission device, which intro-
duces a differential phase shift of 180◦ to microwave sig-
nals transversing the device in opposite directions [1, 2],
as shown in Fig.1 (a). The scattering matrix of an ideal
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FIG. 1: (a) Gyrator symbol. Signals that transverse the de-
vice in the direction of the arrow acquire a differential phase
shift of 180◦ relative to signals propagating in the opposite
direction. (b) A four-port circulator can be built by integrat-
ing a gyrator into one arm of a Mach-Zehnder interferometer
formed using two 90◦ hybrids (which function as 50 : 50 beams
pitters for microwaves). (c) Symbol for the four-port circu-
lator shown in (b). The direction of the arrow defines the
circulation direction, i.e., signals entering port i = 1, 2, 3, 4
are fully transmitted to port j = 2, 3, 4, 1 respectively. In
other words, port i is isolated from signals input on port j.
gyrator reads,
[S] =
(
0 1
−1 0
)
. (1)
By incorporating an on-chip, lossless gyrator into one
arm of a Mach-Zehnder interferometer, employing two
hybrids [1], as shown in Fig. 1 (b), it is straightfor-
ward to obtain a four-port, on-chip, lossless circulator
[Fig. 1 (c)] suitable for scalable quantum processors. In
the circulator scheme shown in Fig. 1 (b), circulation is
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2achieved via the generation of two-path interference for
waves propagating through the device. The two-path in-
terference is enabled by the addition of two 90◦ hybrids,
one on either side of the gyrator, which act as 50 : 50
beam splitters for microwaves. For example, signals en-
tering port 1 are fully transmitted to port 2 because half
of the signal passing through the top arm of the interfer-
ometer constructively interferes with the other half of the
signal passing through the gyrator incorporated into the
bottom arm. On the other hand, signals entering port 2
would destructively (constructively) interfere on port 1
(3), resulting in isolation for port 1 and transmission to
port 3.
In contrast to standard gyrator realizations, which uti-
lize a magneto-optic Faraday effect in order to induce
a nonreciprocal phase shift between microwave beams
propagating in opposite directions, our scheme is based
on a different physics. It utilizes the nonreciprocity of
a photonic Aharonov-Bohm effect [17] that is analogous
to the original effect associated with charged particles
[18]. While, in the electronic Aharonov-Bohm effect, elec-
trons propagating in the presence of a magnetic vector
potential acquire a nonreciprocal phase that depends on
the direction of propagation, in the photonic counter-
part, a nonreciprocal phase is acquired by photons prop-
agating in the presence of an artificial gauge field. Such
artificial gauge fields for photons can be generated by
parametrically modulating certain properties of the pho-
tonic system, such as the dielectric constant of dielectric
slab waveguides, which induce photonic transitions be-
tween two modes [17]; the resistance of microwave mix-
ers, which convert the frequency of transmitted signals
[19]; and the refractive index in rf-controlled phase mod-
ulators, which shift the phase of propagating optical sig-
nals [20]. In general, the artificial gauge potential in such
dynamical schemes corresponds to the modulation phase
of the drive (pump). In our case, we generate a similar
gauge field for propagating microwave signals by control-
ling the phase of a microwave drive, which parametrically
modulates the dispersive inductive coupling between two
nondegenerate resonance modes in dissipationless, three-
wave mixers. As a result of this fundamental difference in
the device physics, the main advantage of our proposed
gyrator scheme over standard realizations is that it em-
ploys neither magnetic materials nor strong permanent
magnets for its operation. Therefore, it can be low loss,
integrated on chip, and fully compatible with supercon-
ducting circuits for extensible architectures.
While there have been numerous promising schemes
which have been shown recently, either experimentally or
theoretically, to perform a circulation operation suitable
for quantum signals [3–9, 21], the main two differences
between our proposed scheme and those relying on fre-
quency conversion between three modes of a Josephson-
based superconducting device, namely, Refs. [4] and [7],
are that our proposed circulator scheme preserves the fre-
quency of the input and output quantum signals and re-
quires, in principle, only one pump tone instead of three.
This can result in a significant reduction in the overall
control hardware resource for operating a larger number
of devices. A more detailed comparison is presented in
Sec. VII.
II. THE DEVICE
The nonreciprocal phase-shifter scheme, used to
demonstrate a gyrator operation, employs two dissipa-
tionless, nondegenerate three-wave mixers. The general
scheme for the two-port, nonreciprocal phase shifter is de-
picted in Fig. 2 (a). It consists of two unitary frequency-
conversion stages (i.e., three-wave mixers) connected to-
gether by a transmission line. Incoming signals at fre-
quency f1 on port 1 (2) of the device are upconverted
using the first (second) frequency-conversion stage to fre-
quency f2 (f2 > f1) and transmitted via the transmis-
sion line to the second (first) frequency-conversion stage,
where it is downconverted back to f1 and exits through
port 2 (1). Both frequency-conversion processes taking
place in the device, i.e., upconversion and downconver-
sion, are enabled via coherent energy exchange with the
pump drives feeding the two mixing stages at a certain
power, and whose frequency fp corresponds to the fre-
quency difference fp = f2−f1. In addition to the critical
role played by the pump power and frequency in the op-
eration of the device, which will be made clear below,
the pump phase plays a pivotal role as well. It controls
the nonreciprocal phase shift experienced by the trans-
mitted signals from port 1 to 2, i.e., ϕd + ϕ, versus the
phase shift ϕd − ϕ acquired in the opposite direction,
where ϕ ≡ ϕ1 − ϕ2 is the phase difference between the
two pump drives feeding the two mixing stages and ϕd is
the phase shift introduced by the connecting components.
Note that, since the nonreciprocal phase imprinted on the
transmitted signals depends on the gradient of the pump
phase, it does not depend on the gauge degree of free-
dom and thus it is gauge invariant [17]. In Fig. 2 (b), we
exhibit a black-box representation of the device, which
emphasizes the nonreciprocal phase shift introduced by
the device and its dependence on the phase difference be-
tween the two pump drives feeding the system. In Fig.
2 (c), we show in more detail how the proof-of-principle
device is realized, i.e., by using two separate, nominally
identical Josephson parametric converters (JPCs) [22],
connected through a 10.16 cm (4”) coaxial line.
In general, JPCs are used as quantum-limited JPAs
for qubit readout [24, 25], but they can also function as
dissipationless three-wave mixers [26, 27]. One main ad-
vantage of operating the JPC in the mixing mode for
the gyration application instead of amplification is that,
in the mixing mode, the frequencies of the transmitted
signals through the device are converted without photon
gain. As a result, the JPC is not required, according
to Caves’ theorem [28, 29] to add any noise to the pro-
cessed signals. As seen in Fig. 2 (c), the JPC comprises a
Josephson ring modulator (JRM) embedded at the center
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FIG. 2: (a) A nonreciprocal phase-shifter scheme, which comprises of two coupled, nondegenerate three-wave mixing devices
capable of performing unitary frequency conversion. Each three-wave mixing device has two ports a and b, which support
incoming and outgoing signals at frequencies f1 and f2, respectively (where f2 > f1). In the exemplary scheme shown in panel
(a), the two devices are coupled through port b. The device transmits with frequency-conversion input signals at f1 (f2) on
port a (b) to output signals on port b (a) at f2 (f1). The frequency-conversion process is enabled through energy exchange
with the pump drive, feeding the three-wave-mixing device at frequency fp = f2 − f1. The nonreciprocal phase shift imprinted
on the transmitted signals through the device (from port 1 to 2 and vice versa) is set by the phase difference between the two
pump drives feeding the two three-wave mixing stages ϕ and the electrical delay between them (i.e., the phase shift ϕd). (b)
A black-box representation of the nonreciprocal phase shifter. Signals transmitted through the device acquire a phase shift of
ϕd + ϕ from port 1 to 2 versus ϕd − ϕ in the opposite direction. (c) A circuit diagram of the proof-of-principle nonreciprocal
phase-shifter device, realized by coupling the idler ports of two nominally identical JPCs operating in frequency-conversion
mode. The signal ports of the two JPCs form ports 1 and 2 of the whole device. The black lines in the diagram represent
normal-metal coaxial cables of lengths L=4” (10.16 cm) and L’=2” (5.08 cm). The fabrication process of the JPCs is the same
as in Ref. [23].
of two orthogonal, half-wavelength microstrip resonators
denoted as a and b. The JRM consists of four Josephson
junctions (JJs) arranged in a Wheatstone-bridge config-
uration and functions as a nonlinear, dispersive mixing
element. The resonators a and b support two microwave
tones denoted as signal (S) (at frequency f1) and idler
(I) (at frequency f2), respectively. These tones lie within
the bandwidths γa/2pi and γb/2pi of resonators a and b,
whose fundamental modes, at frequencies fa = ωa/2pi
and fb = ωb/2pi, have an rf-current antinode at the JRM
location. Both resonators are capacitively coupled to ex-
ternal feedlines that carry microwave signals into and out
of the JPC. To address the a and b modes and apply the
pump drive (P) to the device, both the S and I tones enter
and exit through the delta ports of two off-chip, broad-
band 180◦ hybrids (which define the S and I ports of
the JPC), while the pump at fp = ωp/2pi is fed through
the sigma port of the hybrid connected to port b (the
other sigma port connected to port a is terminated by a
50 Ohm cold load). Furthermore, to facilitate the mix-
ing operation in the device, a dc circulating current is
induced in the outer loop by an external magnetic flux
threading the JRM [22]. The four large JJs inside the
JRM loop serve as a linear shunt inductance for the outer
JJs, which lifts the hysteretic response of the JRM versus
flux and therefore makes the resonance frequencies of the
JPC tunable [30].
It is worth noting that the two resonance structures a
and b, which incorporate the JRM at their center, play
three important roles: (1) They set center frequencies
and bandwidths for the two differential modes of the
JRM, which, in turn, set the dynamical bandwidth of the
device. (2) They increase the interaction time between
the intraresonator photons taking part in the mixing op-
eration and the JRM. (3) They inhibit the generation of
harmonics or unwanted signals, as a result of the mixing
process, whose frequencies do not lie within the band-
widths of the fundamental modes.
III. NOISELESS FREQUENCY CONVERSION
Figure 3 (a) shows a signal-flow graph for a JPC op-
erated in frequency-conversion mode. In the stiff-pump
approximation, the scattering parameters of the device
read [22]
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FIG. 3: (a) Signal-flow graph for a JPC device operating in frequency-conversion mode. (b) Signal-flow graph for a two-stage
JPC (TSJPC) device. The two JPCs are coupled through their idler ports using a lossy transmission line. (c) Magni-
tude measurement (solid lines) and calculation (dashed lines) of the scattering parameters of the TSJPC device operated in
frequency-conversion mode versus input frequency f1. (d) Phase measurement (solid lines) and calculation (dashed lines) of the
transmission parameters of the TSJPC device versus input frequency f1. The phase measurement exhibits a differential phase
of 180◦ on resonance, which is a distinct feature of a gyrator. The device parameters used in the calculation are ωp/2pi = 3.332
GHz, ωa1/2pi = 6.948 GHz, γa1/2pi = 60 MHz, γb1/2pi = 55 MHz, ωa2/2pi = 6.945 GHz, γa2/2pi = 50 MHz, γb2/2pi = 45 MHz,
τd = 0.847 ns, |ρ| = 0.9, |α| = 0.596, ϕ1 = pi/2, and ϕ2 = 0.
raa =
χ−1∗a χ
−1
b − |ρ|2
χ−1a χ−1b + |ρ|2
, tab =
2i|ρ|e−iϕp
χ−1a χ−1b + |ρ|2
,
rbb =
χ−1a χ
−1∗
b − |ρ|2
χ−1a χ−1b + |ρ|2
, tba =
2i|ρ|eiϕp
χ−1a χ−1b + |ρ|2
,
(2)
where raa (rbb) is the reflection parameter off port a
(b), tba (tab) is the transmission parameter from port a
(b) to port b (a) with frequency upconversion (downcon-
version), and |ρ| is a dimensionless pump amplitude. In
Eq. (2), the χ′s are the bare response functions of modes
a and b (whose inverses depend linearly on the S and I
frequencies):
χ−1a [ω1] = 1− 2i
ω1 − ωa
γa
,
χ−1b [ω2] = 1− 2i
ω2 − ωb
γb
. (3)
Since the applied pump frequency satisfies the relations
ωp = ωb−ωa = ω2−ω1, χ−1b of Eq. (3) can be rewritten
as χ−1b [ω1] = 1 − 2i(ω1 − ωa)/γb. On resonance, the
scattering parameters of Eq. (2) can be cast in the form
(
cos(τ0) ie
−iϕpsin(τ0)
ieiϕpsin(τ0) cos(τ0)
)
, (4)
using the substitution relation tanh(iτ0/2)=i|ρ|. The
scattering parameters of Eqs. (2) and (4) embody five im-
portant properties that are crucial for understanding the
device physics. They are as follows: (1) The scattering
matrix is unitary (the total number of photons is con-
served); i.e., the following relations hold, |raa|2 + |tab|2 =
1 and |rbb|2 + |tba|2 = 1. (2) The transmitted signals
from port a to b (b to a) undergo frequency upconver-
sion (downconversion). (3) On resonance (ω1,2 = ωa,b)
and for a sufficiently large pump drive |ρ| → 1−, the
reflections off the device ports vanish (|r| → 0), while
the transmission with frequency conversion approaches
unity (|t| → 1). 4) The phase of the transmitted signals
depends on the phase of the pump drive ϕp [as seen in
the expressions for tab and tba in Eq. (2)]. In general,
this phase is gauge dependent since the time origin of the
modulation can be ambiguous [17, 19]. However, in this
experiment (as well as in other quantum-information-
processing experiments in the microwave domain), the
pump phase is well defined in reference to a common
clock (i.e., the 10 MHz reference oscillator of a rubidium
atomic clock), which phase locks all microwave sources
and measurement devices. (5) The phase shift acquired
by signals transversing the device is nonreciprocal (i.e.,
ϕp from port a to b and −ϕp in the opposite direction).
5IV. NONRECIPROCAL PHASE SHIFTER
The signal-flow graph for the two-stage JPC (TSJPC)
device is shown in Fig. 3 (b). The scattering parameters
in the graph with the subscript 1 (2) correspond to those
of JPC 1 (2). The parameter α = |α|eiϕd incorporates the
amplitude attenuation coefficient |α| and the phase shift
ϕd = ω2τd experienced by the idler signals propagating
between the two JPC stages at frequency f2. In the ex-
pression for ϕd, τd represents the delay time, which can,
in turn, be expressed as τd = ld
√
ε/c, where c is the speed
of light, and ld and ε are the effective electrical length
and dielectric constant of the coaxial lines and hybrids
connecting the two stages, respectively. By inspection,
the scattering parameters of the two-port device can be
written in the form [1]
S11 = raa1 +
rbb2tba1tab1α
2
1− rbb1rbb2α2 , S12 =
tab1tba2α
1− rbb1rbb2α2 ,
S22 = raa2 +
rbb1tba2tab2α
2
1− rbb1rbb2α2 , S21 =
tab2tba1α
1− rbb1rbb2α2 ,
(5)
where S11 (S22) is the reflection parameter off port 1
(2), S21 (S12) is the transmission parameter from port 1
to 2 (2 to 1) (with frequency preservation). Similar to the
case of one JPC, on resonance (ω1,2 = ωa,b) and for a suf-
ficiently large pump drive |ρ| → 1−, the reflections off the
device ports vanish (S11, S22 → 0), while the transmis-
sion amplitude approaches the attenuation amplitude set
by the losses in the connecting stages (|S12|, |S21| → |α|).
However, the phase acquired by the transmitted signals
on resonance from port 1 to 2, i.e., ∠S21 = ϕd+ϕ can be
different from the phase acquired in the opposite direc-
tion, i.e., ∠S12 = ϕd − ϕ. While the total phase shift in
each direction depends on the value of ϕd and ϕ, the dif-
ferential phase between the two directions depends only
on ϕ, i.e., ∠S21−∠S12 = 2ϕ. Thus, by setting the pump
phase difference to pi/2, the TSJPC device can serve as
a gyrator, which introduces a differential phase of pi be-
tween signal beams propagating in opposite directions.
V. EXPERIMENTAL RESULTS
In Figs. 3 (c) and 3 (d), we demonstrate a gyrator op-
eration using the TSJPC device. In Fig. 3 (c), we depict
using solid lines a network-analyzer magnitude measure-
ment of the scattering parameters of the TSJPC device
taken versus input frequency f1. The resonance frequen-
cies of resonators a of the two stages are flux tuned by
about 1.1Φ0 to coincide at 6.945 GHz, where Φ0 = h/2e
is flux quantum. Both JPCs are operated in frequency-
conversion mode with fp = 3.332 GHz. The measure-
ment of the four scattering parameters of the device is
enabled by connecting each port of the device to sepa-
rate input and output lines via a three-port cryogenic
circulator as illustrated in Fig. 4. As expected, at reso-
nance, the reflection parameters S11 (red) and S22 (ma-
genta) exhibit a dip ' −15 dB, while the transmission
parameters S21 (blue) and S12 (cyan) exhibit a peak of
about ' −4.6 dB, which matches the insertion loss of
the microwave components connecting the two stages at
frequency f2, i.e., the normal-metal coaxial cables and
hybrids. Further details regarding the in situ calibra-
tion of the amplitude of the scattering parameters are
included in Appendix A. In Fig. 3 (d), we exhibit a
phase-shift measurement of the transmitted signals S21
(the solid blue line) and S12 (solid cyan line), versus in-
put frequency f1. The phase measurement is taken at the
same working point as Fig. 3 (c). The phase difference
between the pump drives feeding the two JPC stages is
set to yield a relative phase shift of about 180◦ between
signals transmitted in opposite directions. The dashed
lines in Figs. 3 (c) and 3 (d) exhibit a theoretical calcu-
lation for the scattering parameters of the device based
on Eq. (5) and the device parameters, which yields a rela-
tively good agreement with the data. It is interesting that
the calculation reproduces multiple unintuitive features
seen in the experiment [Fig. 3 (c)], such as bends and
plateaus, which can be attributed to dispersion effects
of the waves propagating in the connecting microwave
components and to reflection effects, which result from a
certain mismatch in the relatively narrow bandwidths of
the two JPCs. We also measure, at this working point,
the maximum input power above which the device starts
to saturate (i.e., the transmission magnitude of the de-
vice drops by 1 dB). We find it to be around −92 dBm,
which is comparable to the measured values in microstrip
JPCs operated in frequency conversion [26].
Furthermore, in Fig. 5, we display a phase-shift mea-
surement of the transmitted signals through the device in
opposite directions, taken on resonance as a function of
the applied phase difference ϕ. As seen in the data, the
phase shifts of S21 and S12 vary in opposite directions
and depend linearly on ϕ, which fully agree with the the-
oretical prediction. This measurement result shows that
the device can not only serve as a gyrator, but also as a
general-purpose, nonreciprocal phase shifter, which can
be fully and rapidly controlled in situ by a microwave sig-
nal, i.e., the pump. The upper limit on such fast control
is mainly set by the dynamical bandwidth of the device.
We also verify in a separate measurement (not shown)
that the device at the gyrator working point does not
generate any undesired harmonics in response to an in-
put at f1 or cause any observable power leakage between
ports a and b at the idler frequency f2. This is done by
measuring the output signal of the device in a wideband
frequency span 2 − 11 GHz, using a spectrum analyzer
while inputting a signal at f1. However, in this measure-
ment, we observe a certain power leakage at the pump
frequency between ports a and b. This is likely the case
because the pump frequency 3.332 GHz lies outside the
band of the off-chip 180◦ hybrids used for injecting the
pumps to the device, which is 6−20 GHz. This undesired
6circulatord
ir
e
c
ti
o
n
a
l 
c
o
u
p
le
r
pump 1
phase
shifter
pump 2
network 
analyzer
switch
1 2
2𝜑
a
m
p
lif
ic
a
ti
o
n
a
tt
e
n
u
a
ti
o
n
nonreciprocal 
phase shifter
50 Ω
50 Ω
@ 4 K
p p
𝑓𝑝 𝑓𝑝
50 Ω
IN1
OUT1
IN2
OUT2
𝜑
1 2
50 Ω
@ 4 K
15 mK
FIG. 4: A block diagram of the experimental setup used in
the measurement of the scattering parameters of the TSJPC.
The diagram features only the main microwave components
in the setup. It does not show the distribution of the at-
tenuation (amplification) on the input (output) lines on the
different temperature stages in the dilution fridge or the pair
of isolators that are installed on each output line following
the circulator. It also replaces the nonreciprocal phase-shifter
device shown in Fig. 2 (c) with a black-box representation.
Each port of the device is connected to separate input and
output lines via three-port circulators. The four scattering
parameters of the device are measured using a network ana-
lyzer, whose two ports are connected to either one of the four
possible pairs of input and output lines using switches located
at room temperature. At the mixing-chamber stage, the in-
cident pump powers are attenuated using 20 dB directional
couplers, which direct the unused portions of the pumps to-
wards 50 Ohm terminations at the 4 K stage. The reflected
pump power off the device is dissipated in a 50 Ohm termina-
tion at the base. No additional heating of the mixing chamber
is observed in this experiment due to the application of the
pump drives.
feature can be mitigated in the future by using hybrid-
less JPCs in which the pump drive is injected through a
separate physical port [23].
VI. CIRCULATOR SCHEME
In Fig. 6 (a), we present a circuit diagram of our pro-
posed circulator scheme. It consists of (1) two hybrid-
less JPCs [23] realized back to back on the same chip
or in close proximity to each other (ϕd ≈ 0). By em-
ploying hybrid-less JPCs, which have separate physical
ports for the pump drives, the four 180◦ hybrids used in
this work, as well as the intermediate components such
as connectors and coaxial cables can be eliminated. Also,
the footprint of JPCs can be significantly reduced by re-
placing the microstrip resonators with a lumped-element
realization [22, 31]. (2) Two identical 90◦ hybrids, which
together with the TSJPC form a Mach-Zehnder interfer-
ometer, as illustrated in Fig. 6 (a). In this scheme, the
TSJPC is incorporated into one arm of the interferom-
eter and the hybrids have bandwidths that are centered
S12
S21
FIG. 5: A network-analyzer phase measurement of the trans-
mission parameters (i.e., S21 and S12) of the TSJPC device
taken on resonance for varying the phase difference between
the applied pump drives feeding the two stages. The device
working point is the same as in Fig. 3 (c). A constant phase
offset is applied to both curves in order to center them around
zero phase.
around f1. (3) One 90
◦ hybrid, whose bandwidth is cen-
tered around fp, is used to deliver one pump tone to
the two pump ports of the TSJPC. In addition to de-
livering an equal pump amplitude and frequency to the
TSJPC, the 90◦ hybrid plays another crucial role of sat-
isfying the pump phase-gradient requirement needed for
the operation of the JPC-based gyrator, namely, impos-
ing a relative phase of pi/2 between the pumps driving
the two stages. The three 90◦ hybrids can be imple-
mented on chip using a coplanar waveguide geometry [32]
or lumped elements [33]. Figure 6 (b) exhibits a circuit
symbol for the circulator scheme introduced in Fig. 6
(a). Using this scheme, it is straightforward to design
and implement circulators having center frequencies f1
in the range 5 − 15 GHz, which matches the frequency
range of working JPCs [10, 22, 26, 31].
Since coplanar or lumped-element hybrids can have
bandwidths in the range 0.5 − 1.5 GHz, the main band-
width limitation of this scheme is set by the JPC band-
width, which is on the order of 10 MHz [22, 31]. One
possible method to significantly increase this bandwidth
to several hundreds of megahertz entails making the fol-
lowing design changes to the JPC and its coupling to the
feedlines: (1) implement lumped-element JPCs [22, 31]
that are analogous to lumped-element JPAs, (2) provide
a separate physical feedline for the pump drive that is
distinct from the signal and idler feedlines [23], and (3)
replace the coupling capacitors between the JPC and its
signal and idler feedlines by series LC circuits, whose
properties are outlined for the case of JPAs in Ref. [34].
Based on the viable assumptions that (1) lumped-
element JPCs and coplanar-waveguide hybrids [32] can
be compact and realized on chip, (2) the JRMs can be
flux biased using on-chip flux lines, (3) the circulator
chip is housed in a small, copper package, (4) the de-
vice ports consist of SMA connectors, and (5) a printed
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FIG. 6: (a) An envisioned realization of a compact, on-chip,
four-port, superconducting circulator based on the JPC-based
gyrator. The circulator is formed using TSJPC coupled to
three 90◦ hybrids. The TSJPC is formed using hybrid-less
JPCs with a separate spatial port for the pump drive [23].
Using such a design would eliminate the need for the four
bulky, broadband hybrids used in this work. The JPC size
can be reduced further by replacing the microstrip resonators
with lumped-element capacitors shunting the JRM [22, 31].
The two 90◦ hybrids on either side of the TSJPC are iden-
tical with a bandwidth centered around f1. The bottom 90
◦
hybrid, whose bandwidth is centered around fp, couples to
the pump ports of the two JPCs. It enables driving the two
stages using one pump tone, while simultaneously satisfying
the pump phase-gradient requirement needed for the opera-
tion of the JPC-based gyrator. The three hybrids can be re-
alized using compact coplanar waveguides or lumped-element
inductors and capacitors. (b) A circuit symbol for the circula-
tor scheme featured in (a). The arrow indicates the circulation
direction between the ports, while the green color indicates
that the device preserves the frequency of the transmitted
signals f1 across all ports.
circuit board connects the SMA connectors and the cir-
culator chip, we estimate the volume and the weight of
our devices to be less than 6 cm3 and 28 g, which are
factors of 4.7 and 1.4 smaller than those of cryogenic,
commercial circulators. Further reduction in size is pos-
sible by replacing the coplanar-waveguide hybrids with
lumped-element versions [33], increasing the pump fre-
quency, and swapping the SMA connectors with a more
miniature substitute.
It is important to point out that, despite these sig-
nificant reductions in volume and weight, it is unlikely
that, in scalable quantum architectures, these circula-
tors would be used as stand-alone components. They are
more likely to be integrated on chip or into a printed cir-
cuit board with other microwave components, which is,
in turn, expected to reduce the number of connectors and
yield a further reduction in size and weight.
Finally, one comment regarding the thermalization of
the device: It is quite possible that, in a large quantum
system, which utilizes many of these circulators, the heat
generated by the pump power feeding these active circu-
lators could exceed the cooling power of the mixing cham-
ber. In that case, some of the reflected pump power could
be routed and dissipated at higher-temperature stages
(instead of the mixing chamber), which have larger cool-
ing power, such as the still or the 4 K stage. While such
an arrangement would effectively increase the footprint
of the setup, it can be executed in a very efficient and
compact manner by integrating arrays of circulators on
the same chip or the same printed circuit board and com-
bining the reflected pumps into a small set of lines.
VII. COMPARISON WITH OTHER
CIRCULATOR SCHEMES
As outlined in the Introduction, several on-chip circu-
lator schemes have been proposed recently and numerous
proof-of-principle circulators have been demonstrated. In
this section, we focus our discussion on three schemes,
which share certain common features with our proposal.
The first is the theoretical circulator scheme presented by
Kamal et al. [3]. The second and the third are the ex-
perimental works by Sliwa et al. [4] and Lecocq et al. [7],
which demonstrate circulation using Josephson devices.
The main two similarities between our circulator
scheme and the one proposed in Ref. [3] are that both
rely on two-stage, active, upconverter and downconverter
Josephson devices to generate a nonreciprocal response
for microwave signals, and they both break reciprocity by
applying a gradient of the pump phase between the two
stages (which is analogous to the role played by the mag-
netic field in a Faraday medium). On the other hand, the
two schemes have several important differences: (1) The
theoretical scheme of Ref. [3] is applicable to a broad
group of parametric active devices. However, in practice,
if realized using JPCs, it is expected to handle relatively
low frequency signals (< 0.1 GHz). Our scheme, on the
other hand, would enable circulation for microwave sig-
nals in the gigahertz range. (2) The pump frequency in
Ref. [3] plays the role of a carrier frequency, which is
modulated by the signal frequency, which in turn pro-
duces two idler frequencies. In our device, by contrast,
the signal is upconverted to a single idler frequency us-
ing a pump at the frequency difference. (3) The scheme
of Ref. [3] involves amplification and deamplification of
signals. In our case, no amplification or deamplification
is applied by the active devices. (4) The scheme of Ref.
[3] requires a phase shifter between the two stages, which
is not necessary in our device.
With regard to the circulator schemes of Refs. [4] and
[7], the physical mechanism for generating nonreciproc-
ity is very similar to the one utilized here. They both
rely on parametric frequency-conversion processes tak-
ing place between three resonant modes of the respec-
tive Josephson devices. Both schemes also use the rel-
ative phase of the pumps driving the Josephson devices
8in order to induce nonreciprocal response, i.e., circula-
tion. The main two differences, however, between our
scheme and those of Refs. [4, 7] lie in the devised cou-
pling between the three modes and how wave interfer-
ence is generated. While the schemes of Refs. [4, 7]
employ three distinct-frequency resonance modes of the
same Josephson device, ours employs two identical pairs
of resonance modes existing in two separate Josephson
devices (each having modes a and b), in which one pair
with the same frequency (e.g., two b modes) are coupled
together, thus serving as an internal mode of the system.
Also, while the schemes of Refs. [4, 7] interfere with
frequency-converted signals internally, inside the Joseph-
son device, our scheme generates interference externally,
using the Mach-Zehnder interferometer.
Some potential advantages of our proposed circulator
scheme over the circulators presented in Refs. [4, 7] in-
clude the following:
(1) It realizes circulators with four ports versus three.
The additional port can be used to enhance connectivity
in quantum networks, reduce the total number of circu-
lators in quantum processors, and improve thermal an-
choring (e.g., by connecting one port of the circulator to
a cold termination). As an example for enhanced con-
nectivity using the four-port circulator, an input line is
connected to port 1, a quantum-resonator system to port
2, a JPA (working in reflection) to port 3, and an output
line to port 4.
(2) It preserves the frequency of the processed sig-
nal across all ports. This property can be useful, for
example, in reducing the number of microwave genera-
tors required for qubit readout. In state-of-the-art qubit
readout schemes, in which the frequency of the read-
out is preserved, one generator is sufficient. In such a
setup, the output signal of the generator is split into
two parts. The frequency of one portion, serving as the
readout signal for the qubit-resonator system, is offset
by tens of megahertz (e.g., ∼ 10 MHz) using an in-
phase quadrature mixer, which, in turn, is modulated
by an arbitrary-wave-generator control signal. Such con-
trol signals are required in qubit measurements in or-
der to orchestrate the timing, shape, and sequence of
the various qubit and readout pulses. The other por-
tion of the generator signal facilitates the downconversion
of the gigahertz-range readout signal exiting the fridge
down to a megahertz-range signal (∼ 10 MHz) using a
room-temperature mixer. It is this downconverted signal
that is ultimately digitized and measured in the major-
ity of qubit-readout experiments. However, when using a
frequency-converting circulator for readout such as those
in Refs. [4, 7], two microwave generators would be nec-
essary because the input and output readout signals are
several gigahertz apart.
(3) It requires, for its operation, one pump tone versus
three. This can result in a significant reduction by a
factor of three in the number of microwave generators
needed for the operation of superconducting circulators
in large quantum networks.
(4) It has four degrees of freedom/control knobs needed
for its operation (i.e., the fluxes threading the two JRMs,
the amplitude and frequency of one microwave drive) ver-
sus seven (i.e., the flux threading the JRM/dc-SQUID,
the amplitudes of the three pumps, the algebraic sum of
their phases, and the frequencies of two out of the three
pumps). Such a reduced number of degrees of freedom
is expected to enhance the device stability over time and
require simpler control and feedback schemes.
(5) It allows for a partial transmission of microwave
signals between its ports, which the circulator is not
specifically designed to block or route (e.g., out-of-band
signals). This can be particularly useful when certain
out-of-band signals serve only as inputs for a single-port
quantum system. One example of such a scenario is a
superconducting qubit dispersively coupled to a readout
resonator measured in reflection. In this example, both
the readout and qubit pulses, which can be a few giga-
hertz apart, can be applied to the narrowband circula-
tor and feed the single-port qubit-resonator system con-
nected to one port of the circulator. Assuming that the
readout (qubit) signal of the qubit-resonator lies in band
(out of band) of the circulator, the readout signal would
be strictly routed between the circulator ports based on
the circulation direction, while the qubit signal would
reach all four ports equally.
VIII. SUMMARY
In this paper, we implement and measure a proof-of-
principle, nonreciprocal phase shifter that does not em-
ploy any magnetic materials or strong magnets. The de-
vice is realized by coupling two dissipationless, nonde-
generate Josephson mixers. By operating the Josephson
mixers in frequency-conversion mode, we show that the
phase shift acquired by signals transmitted through the
device can be controlled in situ by the phase difference
of the pump drives feeding the two mixers. We also show
that by setting the phase difference of the pump drives
to pi/2, the device can operate as a microwave gyrator.
Both results are found to be in good agreement with the
device theory.
Looking forward, the performance and size of such a
nonreciprocal phase shifter can be significantly improved
by eliminating the loss and delay between the two mixing
stages. This can be achieved, for example, by integrating
the two Josephson mixers on the same chip (or printed
circuit board) in close proximity to each other and elim-
inating the need for bulky, off-chip, broadband hybrids
by using a hybrid-less version of the Josephson mixers
[23]. Also, it is feasible to significantly enhance the in-
stantaneous bandwidth of the device to more than 600
MHz by utilizing impedance-engineering techniques [34].
Such a lossless, nonreciprocal phase shifter and gyrator,
which does not employ any magnetic materials or strong
magnets for its operation, could be used in a variety
of quantum-information-processing applications. These
9applications could range from in situ manipulation of
microwave signals in superconducting circuits to the re-
alization of on-chip circulators for routing signals in a
quantum processor.
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Appendix A: In situ calibration of the device
scattering parameters
In order to quantify the insertion loss of the interme-
diate stages that separate the two JPC stages, i.e., the
two hybrids and coaxial cables [see Fig. 2 (c)], we uti-
lize three properties of the JPC operated in conversion
mode: (1) Without an applied pump, the JPC acts as
a perfect mirror with unity reflection off the signal (a)
and idler (b) ports. This can be verified by comparing
the on-resonance and off-resonance reflection parameters
of the JPC. In general, the off-resonance level of the re-
flection parameters of the JPC sets the 0 dB reference
for the scattering parameters measurement. (2) With
an applied pump driving the JPC in full conversion, the
amplitude of the transmission between the ports is unity.
This can be inferred by measuring the reflection param-
eters on resonance which approach zero. (3) The am-
plitude of the transmission parameter is equal in both
directions (i.e., from port a to b versus b to a). This
property implies that, on resonance, the amplitudes of
the transmission parameters through the whole device
must be equal (since the hybrids and coaxial cables sepa-
rating the two JPCs are passive and reciprocal). We also
measure, using the setup exhibited in Fig. 4, the am-
plitude of the scattering parameters of the device, i.e.,
|S11|, |S22|, |S21|, |S12|. Specifically, we measure the am-
plitude of the reflection parameters on resonance with
no applied pump (the off state), |Soff11 (fa)| and |Soff22 (fa)|,
and the amplitude of the transmission parameters on res-
onance with the TSJPC operated in full conversion (the
on state), |Son21 (fa)| and |Son12 (fa)|.
To demonstrate how these measured parameters, com-
bined with the JPC properties, can be used to determine
the relative offset in decibels between the amplitude of
the maximum transmission and the reflection parameters
on resonance, we express them in the form
|Soff11 (fa)| = |O1| − |I1| − |L1|, (A1)
|Soff22 (fa)| = |O2| − |I2| − |L1|, (A2)
|Son21 (fa)| = |O2| − |I1| − |L1| − |L2|, (A3)
|Son12 (fa)| = |O1| − |I2| − |L1| − |L2|, (A4)
where |I1| (|I2|) is the total attenuation in decibels of
the input line that extends from port 1 of the network
analyzer to port 1 (2) of the TSJPC at fa (see Fig. 4),
|O1| (|O2|) is the net gain in decibels of the output line
that extends from port 1 (2) of the TSJPC to port 2 of the
network analyzer at fa (see Fig. 4), |L1| is the insertion
loss experienced by signals at fa that are either passing
twice through the same hybrid and short, phase-matched
coaxial cables connected to port a of the JPC [see Fig.
2 (c)] due to reflection or passing through two identical
hybrids and short, phase-matched coax cables (connected
to port a of the JPC) due to transmission through the
TSJPC [see Fig. 2 (c)], and, finally, |L2| is the insertion
loss in decibels of the intermediate stages in the TSJPC
at fb [the two hybrids, the short, phase-matched coaxial
cables, and the normal-metal coaxial cable connecting
the two stages, as illustrated in Fig. 2 (c)].
One important observation from Eqs. (A1)-(A4) is
that, although the hybrid and short, phase-matched
coaxial-cables connected to port a are part of the JPC
circuit, the insertion loss associated with them, |L1|, can-
not be distinguished (through measurements of the scat-
tering parameters of the device only) from |I1| and |O1|
on port 1 or |I2| and |O2| on port 2. In other words, |L1|
can be lumped into |I1,2| and |O1,2| in a similar fashion
to what is generally done for the loss associated with the
circulators connected to the JPC ports, whose role is to
separate the incoming and outgoing signals propagating
on the JPC feedlines.
This is, however, not the case for the insertion loss as-
sociated with the intermediate components between the
two stages |L2|. It can be evaluated by summing Eqs.
(A3) and (A4) and substituting Eqs. (A1) and (A2) into
the sum, which yields
|L2| = 1
2
(|Soff11 |+ |Soff22 | − |Son21 | − |Son21 |). (A5)
In our case, we find that |L2| w 4.6 dB, which is con-
sistent with room-temperature measurements of the in-
termediate components connecting the two JPCs taken
at 10 GHz and below the loss limit of their specifications.
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